Introduction {#sec1}
============

Nanoparticle monolayers at fluid--fluid interfaces find a wide range of applications, from advanced materials,^[@ref1]−[@ref3]^ to catalysis,^[@ref4]^ sensors,^[@ref5]^ and controlled release.^[@ref6]^ Nanoparticles can form monolayers at fluid interfaces by spontaneous adsorption from a suspension^[@ref4],[@ref7]−[@ref9]^ (Gibbs monolayers), or they can be cast at an interface from a volatile spreading solvent^[@ref10]−[@ref13]^ (Langmuir monolayers). The organization of the nanoparticles within the monolayer, which affects the properties and function of the resulting film,^[@ref5],[@ref8],[@ref10]^ depends on the interparticle interactions, and how they are modified when the particles are confined at the interface.^[@ref14]^ The interactions between nanoparticles grafted with capping ligands or polymers can be dominated by the grafted layer, particularly when its thickness is comparable to the size of the nanoparticle core. Molecular simulations predict ligand rearrangements upon nanoparticle adsorption at the interface between two fluid phases^[@ref15],[@ref16]^ due to the asymmetric environment (dielectric constant and solvent quality) surrounding the particle. Because of the deformability of the grafted layer, these core--shell systems effectively behave as soft nanoparticles. The resulting interparticle interactions have been characterized in simulations^[@ref17]^ and measured experimentally.^[@ref18]^

The dynamics of nanoparticle monolayers upon interface deformation affect complex multiphase flows of relevance to industrial processes, for instance, emulsification. When a monolayer of nanoparticles deforms under flow, the dilation or compression of the interface causes an evolution of the microstructure, which in turn determines the mechanical response of the interface and the overall behavior of the multiphase system.^[@ref19]^ The structural evolution of nanoparticle monolayers upon compression has been the subject of numerous studies.^[@ref11]−[@ref13],[@ref18],[@ref20]^ It is now well understood that, for strong area compression, the monolayer deforms out of the plane of the interface, leading to buckling of the monolayer,^[@ref12],[@ref13]^ or particle expulsion.^[@ref9]^ A commonly used method to determine the microstructure of Langmuir monolayers is the Langmuir--Blodgett technique, where a sample is lifted off the interfacial film onto a solid substrate, and imaged ex situ by transmission electron microscopy.^[@ref10],[@ref13]^ The surface pressure generated by the particle monolayer can be monitored using a Wilhelmy plate.^[@ref11]−[@ref13],[@ref18],[@ref20]^ A possible limitation of this method is that the evaporation of the subphase upon drying of the sample prior to imaging may alter the microstructure. In situ methods to characterize nanoparticle monolayers at fluid interfaces include X-ray reflectivity or small-angle X-ray scattering, which have been used both on Langmuir and Gibbs monolayers. These techniques give access to the real-time evolution of the microstructure, for instance during compression in a Langmuir trough,^[@ref11],[@ref20]^ or in evaporating droplets.^[@ref21]−[@ref23]^ Grazing-incidence small-angle X-ray scattering (GISAXS) is well-suited to study interfaces and layered materials, since in this geometry the technique is highly sensitive to the in-plane order of a material as well as to changes in its thickness. In situ atomic force microscopy of a nanoparticle monolayer at a liquid interface has been used to compare real-space imaging with GISAXS, and to corroborate the correspondence between microstructure determination in real and reciprocal space.^[@ref24]^

Here we use for the first time GISAXS combined with pendant drop tensiometry to study in situ the dynamic organization of ligand-grafted nanoparticles at a fluid--fluid interface. The two simultaneous measurements enable us to link the interfacial stress to the monolayer structure, and to reveal the underlying mechanisms of nonequilibrium phenomena. We study a model system of ligand-grafted nanoparticles, namely 4.5 nm gold cores grafted with a thiolated C~11~E~4~ surfactant, at the interface between water and a fluorinated oil. The interparticle interactions depend on the configuration of both the hydrophobic block (undecane, contour length ∼ 1.7 nm) and the hydrophilic block (tetraethylene glycol, contour length ∼ 1.9 nm). Molecular dynamics simulations have shown that the configuration of the two blocks depends both on the solvent conditions and on the grafting density of the ligands.^[@ref15]^ This system has been previously characterized and is known to exhibit spontaneous adsorption from suspension,^[@ref7]^ a soft repulsive interparticle potential^[@ref18]^ leading to colloidal stability at the interface, and particle expulsion upon area compression.^[@ref9]^ Interestingly, the dynamic behavior of the nanoparticle monolayer upon compression depends on the rate of deformation.^[@ref18]^ The question remains open of whether rate-dependent behaviors of ligand-grafted nanoparticles are due primarily to nanoparticle rearrangements within the monolayer or to ligand rearrangements on the nanoparticles. To address this question, we characterize the microstructural organization of the nanoparticle monolayer during adsorption at the fluid interface and upon compression at different rates. We compare the experimental results on compression with the results of Brownian dynamics simulations to assess the effects of nanoparticle rearrangements within the monolayer.

Experimental Section {#sec2}
====================

Materials and Sample Preparation {#sec2-1}
--------------------------------

Spherical gold (Au) nanoparticles with a hard-core radius *a*~core~ ≈ 2.3 nm, functionalized with capping ligand mercaptoundecyl tetra(ethylene glycol) (MUTEG), were obtained from Sigma-Aldrich. The capping ligand is uncharged and provides stability to the colloidal suspension by short-range steric repulsion. The grafting density of the ligands on the particles is not known a priori. The aqueous nanoparticle suspension was diluted in ultrapure water to give a bulk concentration *n* ≈ 2.5 × 10^14^ NPs/mL (corresponding to a volume fraction ≈ 10^--5^). Fluorinated oil octafluoropentyl acrylate (OFPA) was obtained from Sigma-Aldrich and used as received. Syringes, tubing, and needles in contact with the fluid phases (see below) were cleaned from surface active impurities prior to the experiments using ethanol and rinsed with ultrapure water.

Experimental Setup {#sec2-2}
------------------

The experiment was carried out at beamline I22 of Diamond Light Source (UK). The experimental setup, shown schematically in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, was designed to perform GISAXS (see schematic in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) on the curved surface of a pendant drop. A custom-made fluidic cell ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) holds a needle vertically in place, and has an inlet and an outlet to exchange the outer fluid. The outer phase (nanoparticle suspension) and the drop phase (oil) are injected using syringe pumps (Harvard Apparatus). The pump that regulates the drop volume is controlled remotely to impart compression by incremental withdrawals of oil. The X-ray beam entry and exit windows of the cell are made of scratch-free mica to minimize background scatter. The window on the downstream side of the cell is sufficiently large to collect both the small- and wide-angle scattering signal. The distance between the windows (5 mm) was optimized for a photon energy of 14 keV, which is optimal for gold as it is just below the *L*~1~ absorption edge. At this wavelength, the attenuation length of water is just over 5 mm, and provides a balanced middle point between absorption and scattering signal in solution. This distance allowed a maximum droplet diameter of 3 mm, with a 1 mm external water layer to avoid boundary effects. The cell is mounted on an *xyz* micropositioning stage (Physik Instrumente, Germany), so the droplet can be positioned and scanned with respect to the X-ray beam. The experiment was carried out using a microfocus setup, which focuses the beam to a spot of 10 μm (fwhm) as illustrated by the red viewfinder in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. At 14 keV, the depth of focus is sufficiently long to cover the footprint of the beam on the droplet surface. The setup also features an in-line optical microscope consisting of a long-working-distance objective with 50--500× magnification (model VH-Z50L, Keyence, UK) connected to a digital camera, which provides a live optical image of the sample. The objective and camera are positioned on a horizontal axis perpendicular to the beam, and view the sample through a 45° mirror with a 1 mm diameter hole to let the X-ray beam through. The exact position of the beam in the camera frame was calibrated prior to the experiment. To image the drop in transmission, a light ring (LED RingLight Ultrabright, GX Microscope) was positioned downstream of the X-ray beam. The lighting conditions resulted in a "negative" image of the drop, shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. X-ray scattering data was collected on a Pilatus 3 2M detector (Dectris, Switzerland) positioned 1 m away from the sample. In order to minimize air scattering, this space was filled with helium. In addition, downstream of the cell a 200 μm diameter tungsten wire was positioned in close proximity, to act as the primary beam stop. A small lead disc was affixed to the face of the detector as an additional beam stop. For each acquired frame on the detector, a corresponding optical image of the droplet was recorded, so that the surface tension could be extracted by image analysis. Because the position of the equator changes with the droplet volume, the cell was repositioned after each incremental withdrawal. Similarly, the cell had to be repositioned during adsorption experiments, because the shape of the drop changed with decreasing surface tension upon nanoparticle adsorption, and the position of the interface moved with respect to the X-ray beam. For each state, three frames were acquired by scanning across the liquid--liquid interface, with a step size of 10 μm, corresponding to the beam size.

![Experimental setup and notations. (a) Schematic of the pendant-drop setup adapted to the constraints of a GISAXS experiment. (b) Schematic of the GISAXS measurement principle. The data are recorded on the detector in the (*q*~∥~,*q*~⊥~) plane. (c) Custom-made, 3D-printed sample cell. (d) Optical image of the pendant drop. The red viewfinder indicates the point where the X-ray beam hits the interface. (e) Notation used in the text to describe the adsorbed particles of radius *a*~core~ covered with MUTEG ligands stretched at a length *L*, and with center-to-center distance *d*.](la-2017-02867j_0001){#fig1}

Surface Tension Measurements {#sec2-3}
----------------------------

The optical images of the drop were used for drop-shape analysis to extract the effective surface tension, γ, of the particle-laden interface. The surface pressure generated by the nanoparticle monolayer, Π, was calculated as Π = γ~0~ -- γ, where γ~0~ = 26 mN m^--1^ is the surface tension of the bare OFPA-water interface. The images where analyzed in ImageJ. An edge detection routine and a threshold were applied to obtain the contour of the drop. A Young--Laplace fitting algorithm, available as open-source ImageJ plugin Pendent_Drop,^[@ref25]^ was then used to fit the surface tension, the drop volume, and the drop surface area. The uncertainty introduced by the edge detection routine leads to a typical error of ±0.1 mN/m on the determined value of the surface tension and less than 0.1% for the area.

GISAXS Data Analysis {#sec2-4}
--------------------

A transmission experiment was carried out with an X-ray sensitive diode, to test the reliability of the data captured by the detector, by measuring the oil and water refractive indices in our experimental configuration (see the Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02867/suppl_file/la7b02867_si_001.pdf)). Before fitting the data, a preprocessing step consisting in reorienting the obtained signal was performed for each data set (Supporting Information, [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02867/suppl_file/la7b02867_si_001.pdf)). A line cut at fixed *q*~⊥~ = 0.034 Å^--1^ was extracted by integrating the whole frame between 0.0327 and 0.0371 Å^--1^, which represents a 5 pixel thick region. This provided a good balance between robustness in the profile extraction and signal smear due to the integration over the *q*~⊥~ axis. The extracted *q*~∥~ profiles were then analyzed using Igor Pro (Wavemetrics, Lake Oswego, OR). Each profile was normalized to the exposure time prior to fitting to a Lorentzian peak on a linear baseline. This provided a good approximation to the scattering profile in the vicinity of the correlation peak.

Brownian Dynamics Simulations {#sec2-5}
-----------------------------

We performed two-dimensional Brownian dynamics simulations of the nanoparticle monolayer, assuming that the nanoparticles are irreversibly adsorbed on the interface. At the interface, the ligands are stretched over a length *L*, and when the particles are in contact, the center to center distance *d* is simply *d* = 2*a*~core~ + 2*L* (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e). We consider *N*~d~ disks of radius *a*~core~ in a circular domain of radius *R*~box~. The domain radius is fixed as *R*~box~ = 100 *a*~core~. The steric repulsion force between two particles *i* and *j* caused by the overlap of the ligand brushes is modeled through the Alexandre--De Gennes potential, recently used to model similar systems:^[@ref11],[@ref18]^In [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, *k*~B~ is the Boltzmann constant, *T* is the absolute temperature, σ is the grafting density of the ligands, *L* is the thickness of the ligand brush, and *d*~*ij*~ is the center-to-center distance between particles *i* and *j*. A plot of the interaction potential is given in the Supporting Information ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02867/suppl_file/la7b02867_si_001.pdf)).

The evolution of the particle position vector ***r***~***i***~ is computed, and the displacement vector Δ***r***~***i***~ over each time step is obtained by modifying a standard Brownian dynamics algorithm^[@ref26]^ to include the effect of the monolayer compression:The first term on the right-hand side represents the classic nanoparticle diffusion with a diffusion coefficient *D*. The second term represents the displacement due to the interparticle repulsive force , with *d̂~ij~* being a unit vector directed from particle *i* to particle *j*. The effects of the flow field induced by the compression of the monolayer at a rate are taken into account in the last term of [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}. A cutoff distance of 2*a*~core~ + 2*L* is used for the steric repulsive force.

A monolayer of nanoparticles is initialized with random positions and the system is allowed to equilibrate for a time 40*a*~core~^2^/*D* by solving [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"} with α̇(t) = 0. After the equilibration, compression starts with a constant by changing . The surface pressure Π of the monolayer is given by

Results and Discussion {#sec3}
======================

Measurement of Interparticle Distance during Adsorption {#sec3-1}
-------------------------------------------------------

We studied the particle adsorption process by simultaneously monitoring the structure of the film by GISAXS, and the dynamic surface tension by drop shape analysis. The oil drop is created using a needle inserted in the nanoparticle suspension, and the evolution of both the surface tension and the interparticle distance is probed. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} illustrates the data analysis process. Starting from the GISAXS-remapped state ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), a line cut at fixed *q*~⊥~ = 0.034 Å^--1^ is extracted. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the resulting SAXS profiles and the corresponding fits around the correlation peak for the adsorption process. The confidence of the fits was typically around 1% of the fitted value, as measured by the estimated standard deviation of the fitted parameter. A plot of *q*~∥~ with error bars is given in Supporting Information ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02867/suppl_file/la7b02867_si_001.pdf)). Data were acquired every 5 min (300 s) for 80 min (4800 s). As adsorption proceeds, the density of particles at the interface increases, the peaks in the X-ray scattering signal become narrower and their spacing progressively decreases. The profiles have been offset vertically for clarity, but at high *q*~∥~ values they all coincide, indicating a consistent background level. The first profile in the time series is significantly different from the others, clearly indicating that the film is only just beginning to form and there is still no order in it. Thus, although the chosen peak shape fits the data well, the resulting average interparticle distance must be considered with caution for this first point. The correlation peak (found for *q*~∥~ = *q*~*m*~) is interpreted as the first reflection of a hexagonal lattice. Hexagonal arrangement is usually found for nanoparticles at interfaces^[@ref27]−[@ref31]^ and *q*~*m*~ thus represents the average interparticle distance in the film. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c shows the time evolution of the interparticle distance, after conversion into real space using the formula . The uncertainty in acquisition time (±60 s) is represented by the width of the filled circles, and the uncertainty from the fit of the peak position is better than the symbol height. A discussion on error determination in our experimental configuration is provided in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02867/suppl_file/la7b02867_si_001.pdf). The first data point is obtained after 1200 s of incubation as the resolution of the correlation peak at earlier times does not give a reliable distance measurement. Remarkably, it is observed that the distance decreases rapidly to a approximately constant value *d* ≈ 10 nm.

![Temporal evolution of SAXS signal during nanoparticle adsorption. (a) Image acquired on the X-ray sensor. (b) Intensity of the GISAXS signal as a function of the wave vector *q*~∥~ at different times during adsorption. The fits allow to extract the position of the local maximum *q*~*m*~. (c) Interparticle distance *d* as a function of time, obtained as .](la-2017-02867j_0002){#fig2}

Evolution of Interparticle Distance and Surface Tension during Adsorption {#sec3-2}
-------------------------------------------------------------------------

Optical images of the droplet acquired during the adsorption process at the same times as the GISAXS measurements were used to extract the evolution of the interfacial tension γ. The results are reported in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a together with the interparticle distance *d*. The surface tension decreases from an initial value γ~0~ = 26 mN m^--1^ for the bare water-OFPA interface to a constant value of γ~∞~ = 16 mN m^--1^ after an adsorption time of approximately 4000 s. The magnitude of the decrease in surface tension is consistent with previous studies using the same system.^[@ref7],[@ref9]^ The inset in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a shows the time derivatives of the distance, Δ*d*/Δ*t*, and of the surface tension, Δγ/Δ*t*, as a function of time. It can be seen that the two derivatives plateau to 0 at different times, τ~1~ ≈ 2000 s and τ~2~ ≈ 4200 s, respectively.

![Nanoparticle adsorption experiment. (a) Interparticle distance *d* (circles) and surface tension γ (squares) as a function of time during adsorption. Inset: derivatives of *d* and γ as a function of time. The vertical lines mark τ~1~ ≈ 2000 s and τ~2~ ≈ 4200 s, the time scales for which *d* and γ, respectively, become approximately constant. (b) Schematic of the two stages of the adsorption process. At early times (*t* \< τ~1~) the monolayer grows as a homogeneous hexagonal lattice. For *t* \> τ~1~, rafts are formed and the monolayer grows with constant interparticle distance.](la-2017-02867j_0003){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b illustrates the possible scenarios of the nanoparticles adsorption dynamics occurring before and after τ~1~. At early times, the adsorption process consists of a constant evolution of a hexagonal network of nanoparticles at the interface. Each time a nanoparticle is adsorbed, the whole network reorganizes, reducing the interparticle distance and preserving the hexagonal arrangement. This scenario would result in a decrease of surface tension as well as a decrease in the interparticle distance with time. This picture appears compatible with the data for early adsorption times, *t* \< τ~1~. The second scenario is the growth of nanoparticle rafts at the interface. These rafts are organized in a compact hexagonal network, with a lattice constant that is independent of the number of nanoparticles in the cluster. A newly adsorbed nanoparticle joins the closest cluster, and occupies a hexagonal slot at the cluster edge. As a consequence, the interparticle distance does not evolve during the adsorption process, whereas surface tension decreases as the number of particles adsorbed at the interface increases. The experimental data suggest that the system is better represented by the raft-growth scenario for *t* \> τ~1~. At the end of the adsorption process, surface tension and interparticle distance are approximately constant, suggesting a fully packed interface with a hexagonal network. The interparticle distance is then *d*~∞~= 11.6 nm, to be compared with the distance obtained if nanoparticle core-to-core contact is assumed (2*a*~core~ ≈ 4.5 nm). This direct measurement of interparticle distance confirms previous results that suggest stretching of the grafted ligands at the interface.^[@ref15],[@ref18]^ Assuming that the nanoparticles are stabilized solely by steric repulsion between brushes, the interparticle distance at equilibrium writes *d*~∞~ = 2*a*~core~ + 2*L* (see [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e) with *L* ≈ 3.5 nm. This value is compatible with extended brushes as MUTEG ligands are composed of a total of 14 C--C, 9 C--O, one C--S, and one Au--S bonds, leading to a contour length of *L*~brush~ ≈ 3.9 nm. As *L* ∼ *L*~brush~, the ligands grafted at the Au nanoparticle surface are assumed to be in the brush configuration. The thickness of the brush *L* can thus be converted into a grafting density σ = *L*ρ*N*~A~/*M* where ρ = 997 kg m^--3^ is the bulk density of the free ligand, *N*~A~ is the Avogadro constant, and *M* = 380 g mol^--1^ is the molar mass.^[@ref32]^ The grafting density is found to be σ ≈ 5.5 chains nm^--2^, in agreement with previous work.^[@ref18]^ A common way to quantify the stretching of the polymer brush is to compute the reduced tethered density Σ = σπ*R*~g~^2^, where *R*~g~ ≈ 0.36 nm is the radius of gyration of the polymer in solution.^[@ref32]^ After adsorption, the reduced tethered density is found to be Σ = 2.2, corresponding to a brush with stretched ligands.

Rate-Dependent Dynamics upon Surface Compression {#sec3-3}
------------------------------------------------

We investigated the impact of compression rate on the evolution of the interparticle distance and the surface pressure. The drops are created and incubated for 15 min (900 s) to allow for nanoparticle adsorption. The nanoparticle suspension is then flushed by flowing 10 mL of ultrapure water at 1 mL min^--1^. The compression starts after acquiring the surface tension and the interparticle distance data for the initial state. The flow rate for withdrawal of the drop phase, which imparts the interfacial compression, was calibrated in order to achieve a constant rate of change of area during the experiment. Three different rates of compression were used: d*A*/d*t* = −0.0326, −0.0049, and −0.0016 mm^2^ s^--1^, referred to as fast, medium and slow, respectively. These rates correspond to initial values for the interfacial dilational strain rate −α̇ = (1/*A*~0~)(d*A*/d*t*) = 4 × 10^--3^, 6 × 10^--4^, and 2 × 10^--4^ s^--1^ respectively. The area evolution during compression for the three different experiments is shown in the inset of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. The decrease is confirmed to be linear for the three different speeds. The experiments lasted 100, 530, and 1500 s for the fast, medium, and slow compression, respectively.

![Surface compression at different rates. (a) Surface pressure Π as a function of the rescaled surface area *A*/*A*~0~: (blue circle) slow (α̇ = 2 × 10^--4^ s^--1^); (green square) medium (α̇ = 6 × 10^--4^ s^--1^); (red tilted square) fast (α̇ = 4 × 10^--3^ s^--1^). Inset: measured drop area as a function of time. (b) Evolution of the interparticle distance *d* as a function of the rescaled surface area *A*/*A*~0~. Inset: distance as a function of time. (c) Schematic of the transition of the grafted layer of ligands from a brush configuration (i) to a mushroom configuration (iii).](la-2017-02867j_0004){#fig4}

As shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, for Π \< 8 mN m^--1^ the surface pressure follows a similar evolution for all three compression rates and the curves overlap. The slope then decreases significantly, at different surface areas depending on the compression rates. The higher the compression rate, the earlier this change occurs. The apparent softening of the monolayer is due to a relaxation of the internal stress in the monolayer and may be explained either by expulsion of particles out of the interface, or by buckling of the monolayer. From the surface pressure curves, it is not possible to distinguish between the two phenomena. In summary, for Π \> Π~c~, desorption or buckling (out-of-plane events) is observed, with Π~c~ = 13, 12, and 9 mN m^--1^ for the slow, medium, and fast compression rates, respectively. In previous studies on the same system, desorption was observed for Π \> 13 mN m^--1^.^[@ref9]^

The evolution of the interparticle distance during compression ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) shows that, for the fast and medium compression rates, the distance decreases rapidly and plateaus to a value of 10.1 nm (*L*~plateau~ = 2.7 nm and σ~plateau~ = 4.2 chains nm^--2^). On the plateau, further compression of the interface does not cause significant changes in the interparticle distance, again suggesting a major change at the interface. The fact that the distance between the nanoparticles at the interface does not decrease, is an indication that they are driven out of the plane of the interface. For the fast and medium compression rates, the reduced tethered density is Σ~plateau~= 1.7, consistent with a brush configuration of the ligands.

In contrast, the slow compression experiment exhibits a very different behavior. The interparticle distance decreases to a minimum value of *d*~min~ = 8 nm, well below the equilibrium value estimated during the adsorption process (*d*~∞~ = 11.6 nm). This observation suggests the existence of a mechanism that allows either for a reduction in brush thickness, or brush interpenetration. To allow for a reduction of the brush thickness, the local density of the brush has to be reduced by ligands rearrangement. Two possible scenario may be envisioned, and may both be occurring during compression. Because the Au--S bond is mobile,^[@ref33]^ the ligands can reorganize over the surface of the particles. Ligand migration has been previously shown to occur on flat surfaces, although it is not clear what is the time scale for this process.^[@ref33]^ The other possible scenario for the ligand rearrangement is the bending of the chains that were previously stretched out at the interface toward the bulk phases. The experimental data do not allow us to exclude either scenario. The rearrangement of the ligands out of the interfacial region results in a decrease of density of the brush in the contact area (see [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c (i)). Assuming that *d* = 2*a*~core~ + 2*L* at any time in this slow process, the minimal brush thickness is found to be *L*~min~ = 1.7 nm. This converts into an effective local grafting density of σ~min~ = 2.6 chains nm^--2^ and thus Σ~min~ = 1. Σ \< 1 is characteristic of a mushroom configuration (see schematics [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c (ii)--(iii)), where the ligands are more free to form a coil, thus reducing the thickness of the brush. The interparticle distance reduction induced by the monolayer compression leads to ligand reorganization at high energetic cost, until out-of-plane rearrangements become more favorable. This can explain why *d*~min~ is bigger than the full mushroom state interparticle distance *d*~coil~ = 5.3 nm.

Brownian Dynamics Simulations of Compression at Different Péclet Numbers {#sec3-4}
------------------------------------------------------------------------

The different dynamics observed for different compression rates could be due to jamming of the nanoparticles in the monolayer. For sufficiently slow compression, the monolayer can always attain equilibrium (i.e., Brownian motion dominates at this time scale, favoring efficient packing), allowing for smaller interparticle distances to be reached. To investigate the role of rearrangements of the nanoparticles, we performed two-dimensional Brownian dynamics simulations of the monolayer, assuming that the nanoparticles are irreversibly adsorbed on the interface. We used the estimated surface coverage fraction based on the Au cores, Φ~0~ ≈ 0.15, obtained from the measured interparticle distance of 11.6 nm, assuming hexagonal packing of the monolayer at the end of the adsorption process. Given the small compression rates α̇(t = 0) used in the experiments, it is probable that the nanoparticle diffusion rate *D*/*a*~core~^2^ is faster than the characteristic compression rate. However, since the effective diffusion coefficient *D* of a ligand-grafted nanoparticle adsorbed at a fluid interface is not known, we performed simulations with different Péclet numbers *Pe* = −α̇(0) a~core^2^~/*D* ranging from 10 to 10^--2^, spanning both the fast and slow compression regimes. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} shows a comparison of the surface pressure Π obtained from the experiments at different compression rates, with that obtained from simulations for different *Pe* for one realization of the system with a number of nanoparticles *N*~d~ = 1500. We find a good agreement for the initial surface pressure and its initial slope, confirming that, close to equilibrium, the interparticle potential used and the parameters derived from the experiments describe the system satisfactorily. The surface pressure obtained from the numerical simulations constantly increases during the compression with an increasing slope, for all the Péclet numbers investigated. The increase in surface pressure follows from the stiffening of the interparticle repulsive force as the interparticle distance is reduced. The large surface pressure obtained at large *Pe* is explained by the fact that the nanoparticles do not have sufficient time to rearrange through diffusion; hence, no relaxation of the stresses in the monolayer is possible. The results obtained for the surface pressure at *Pe* = 0.01 are in qualitative agreement with the experiments at small *A*/*A*~0~. However, at large *A*/*A*~0~ the surface pressure measured in the experiments shows a softening rather than the stiffening obtained in the simulations. The simulations match reasonably well with the experiments for Π \< 7 mN m^--1^, in agreement with the range of validity of similar simulations obtained in previous work.^[@ref18]^ We cannot unambiguously identify the mechanism responsible for the discrepancy observed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} at higher pressures. A possible scenario is that [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} is a good approximation of the true interparticle potential energy only close to equilibrium, and it breaks down as the effects of ligand rearrangements become important. The breakdown of the assumption of irreversible nanoparticle adsorption could also be responsible for the deviation in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. This scenario implies that nanoparticles are expelled from the interface, or that the monolayer buckles, thus relaxing the stresses in the monolayer to lower values compared to our numerical simulations. The simulation results clearly show that jamming cannot be responsible for the time-dependent behavior observed in the experiments as it implies a strong increase of surface pressure already at early compression stages, which is not observed experimentally.

![Surface pressure Π as a function of the rescaled surface area *A*/*A*~0~. The symbols represent experimental data for different compression rates: (blue circle) slow (α̇ = 2 × 10^--4^ s^--1^); (green square) medium (α̇ = 6 × 10^--4^ s^--1^); (red tilted square) fast (α̇ = 4 × 10^--3^ s^--1^). The lines represent results of two-dimensional Brownian Dynamics simulations for different Péclet numbers: (− −) *Pe* = 10, (···) *Pe* = 0.1 and (---) *Pe* = 0.01.](la-2017-02867j_0005){#fig5}

Out-of-Plane Reorganization of the Particles {#sec3-5}
--------------------------------------------

To further investigate the possibility of desorption of nanoparticles or monolayer buckling, the 2D pattern on the GISAXS detector is qualitatively discussed. As the surface becomes disordered, the correlation peaks broaden due to the higher dispersion of interparticle distances. Similarly, if the film becomes thicker either due to the formation of multilayers, or due to buckling, the lattice reflections tend to form a hexagonal pattern or a ring. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} shows three patterns obtained at different times during the compression for the three different rates. Pictures are extracted from the same data sets used in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For the fast compression ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a), the widening of the peak appears at *A*/*A*~0~ = 1.26 where we start to observe the appearance of signal in the background. This signal intensity is further increased at *A*/*A*~0~ = 1.37, filling a half-hexagon area delimited by the green dashed lines in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. This observation suggests the presence of nanoparticles in the vicinity of an ordered monolayer. Interestingly, these patterns are observed at the same *A*/*A*~0~ as the deviation in the surface pressure isotherm (see [Figures [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). In the three experiments, we observed the signature of the out-of-plane events as soon as the interparticle distance reaches a minimum. Finally, it is shown that the intensity of this pattern is much stronger for the slower experiment at a given *A*/*A*~0~. This observation points toward the creation of a thick film (multilayers) in this particular experiment. The three-dimensional structure that is formed alters significantly the correlation peak as can be seen in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c. This feature could explain why the interparticle distance is seen to increase again after *A*/*A*~0~ = 1.2 in the slow compression experiment, as reorganization in multilayers allows for larger distance between the nanoparticles.

![Evolution of the GISAXS pattern during monolayer compression at different rates. Features highlighted by green dashed lines are described in the text. (a) Fast compression, α̇ = 4 × 10^--3^ s^--1^. (b) Medium compression, α̇ = 6 × 10^--4^ s^--1^. (c) Slow compression, α̇ = 2 × 10^--4^ s^--1^. Scale bars: 0.04 nm^--1^.](la-2017-02867j_0006){#fig6}

Summary and Conclusions {#sec3-6}
=======================

We have combined for the first time GISAXS and pendant drop tensiometry to characterize a nanoparticle monolayer on a dynamically deforming, curved fluid--fluid interface. The GISAXS scattering patterns give access to the interparticle distance at the interface. For each X-ray scattering pattern acquired, an optical image of the drop was simultaneously recorded, to obtain the corresponding surface tension from drop-shape analysis. With this method, we have studied the microstructure of a monolayer of ligand-grafted nanoparticles during adsorption from suspension, and upon area compression at different rates.

The adsorption experiment reveals that the interparticle distance becomes a constant after a time τ~1~ = 2000 s, while the surface tension continues to decrease over a longer time scale, τ~2~ = 4200 s. This behavior can be ascribed to the formation of particle rafts, where for increasing number of particles at the interface, the rafts grow while the interparticle distance remains a constant.

Compression of the monolayer at different rates results in nonequilibrium behaviors that could be due to either nanoparticle rearrangements within the monolayer or rearrangements of the ligand brush on the nanoparticles. For small compression, the surface pressure as a function of surface area is found to be approximately independent of compression rate. However, in this early stage of compression, a more prononunced, transient decrease in interparticle distance is observed for the slowest compression rate, which can be ascribed to ligand rearrangements. For sufficiently low compression rate, the ligands can either migrate because of the mobility of the thiol bond or bend out of the plane of the interface, thus reducing the local ligand density in the contact region between the particles, and allowing the ligand brush to reorganize into a mushroom state. A reduction in the minimum interparticle distance is then possible. When the compression rate is high, the ligands remain in a brush configuration as they do not have time to rearrange or migrate, preventing the reduction of the distance through steric repulsion. Upon further compression, rate-dependent features in the surface pressure as a function of surface area are observed. We have run two-dimensional Brownian dynamics simulations to assess the role of interparticle rearrangements on this behavior. The simulations deviate from the experimental results, as they predict much larger surface stresses upon compression than what is found in experiment. This discrepancy suggests that the assumption of a two-dimensional system breaks down and the observed stress relaxation in the monolayer is attributed to out-of-plane displacements of the particles, due to either buckling of the monolayer or particle expulsion. Qualitative analysis of the GISAXS patterns confirms the occurrence of out-of-plane events.

These insights into the dynamics of monolayers of ligand-grafted nanoparticles at fluid interfaces are of fundamental interest to understand the phase behavior of 2D soft matter systems, and should help optimize advanced materials and processes that exploit these nanoscale building blocks.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.langmuir.7b02867](http://pubs.acs.org/doi/abs/10.1021/acs.langmuir.7b02867).Validation of X-ray contrast; GISAXS data preprocessing; error quantification for *q*~∥~ data; interaction potential for 2D Brownian dynamics simulations ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.7b02867/suppl_file/la7b02867_si_001.pdf))
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